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I. INTRODUCTION

This report covers the research performed under Grants DAHCO4—75—

G—019 3 and DAAG29—77—G—0134 during the period June 16 , 1975 to February

r 28 , 1979. The goal. of this research was to obtain stimulated emission

at very short wavelengths (x—ray or far ultraviolet) by the use of

charge—exchange reactions. Obtaining laser action at any short wave-

lengths has been a problem of great interest in the scientific comaunity

for some time, and the concept contained in the original proposal was

believed to offer great promise for laser action at wavelengths below

1000 L

Many of the obstacles to obtaining laser action at x—ray and far

ultraviolet wavelengths appear to oe overcome by completely stripping

• 

- 

atoms and then adding one electron to the ion through a charge—exchange

reaction to form an atom (hydrogenic , if the ion was fully stripped)

that could radiate at very short wavelengths. By choosing the neutral

atom properly the charge—exchange reaction can be made to have a

very large cross—seetion—ltf15cm2 or larger. If the additional electron

is in an outer shell the ion cannot decay through the very fast Auger

transitions and a useful lifetime in the excited state may be achieved.

This work was begun based on a proposed scheme to use an ion beam

of alpha particles and to interact the beam with hydrogen target atoms

to obtain charge—exchange and a helium ion in the 2p state from which

it radiates to the is state.

He~~ + M
15 H4 + R

+
~~ Be~~ + ‘,‘(304 A) +

As there are no ground state ions in the system this would be expected

to yield an inversi on . It was planned to perform the experiment at

I
- 4
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I Los Alamo. in a joint program with the University of Arizona and Los

I Alamos Scientific Laboratory . However, sometime a f te r  this research

began, the program was terminated for non—technical reasons.

II. SU~*IARY OF RE SULTS -
•

I Several systems for obtaining inversions at very short wave— ~

• 
- -

lengths by charge—exchange were investigated , and as the charge—exchange

I reaction appeared to be the best candidate , several possibilities were

analyzed . Plasma s as the source of the ions were analyzed and a system

i devised to use a shock tube for generating a p lasma , with charge—e x—

I change occurring after expansion through a nozzle. This system is out-

lined in Appendix I and two specific cases , hydrogenic helium (lasing

J at 1640 A) and lithium (729 A) were considered in some detail.

Another arrangement, using a laser—produced plasma, is described

1 in Appendix II. This uses a plasma formed by the interaction of a

I high—power laser with a carbon target to yield fully stripped C VII .

If the streaming velocity of the carbon ions is then o f the order of

I 3 x lO 7
cm/sec, preliminary calculations indicated the cross section

for the pickup of art electron by the carbon into the n — 3 s ta te ,  that

I is the charge exchange reaction

I C~~ + Ar~
2 C~

5(n . 3) + Ar~
3

I is of the order of 10 15cm2. The carbon ion then radiated the Balmer—ct

tin, at 182 A. According to the analysis a 1 cm diameter Nd—glass laser

I vith an output of 30 joules in a pulse duration of 10 nanoseconds,

focused by a cylindrical lens would yield significant gain.

H
I 

-- -- 
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As it appeared feasible to experimentally investigate the C VIZ —

Ar III system, this was chosen for experimental work. Two short—pulse

ruby oscillator—amplifier systems, designed to be fired sequentially

in a master—slave arrangement were borrowed from MIRADCOM. The Space

Sciences Laboratory of the Marshall Space Flight Center, NASA , offer ed

the use of a grazing—incidence McPherson monochromator, which was

capable of being differentially—pumped across an open slit and could

be used in the region around 182 A. The ruby lasers were limited to

about LI joule. output in order to avoid damage to the amplifier ruby 
-•

rods. Their pulse durations were measured by a photodiode to be of

the order of l5~-20 nanoseconds, and consequently , lacked the peak power

capability to reach the conditions outlined in Appendix II. The Lasers

were repaired and modified so that they could be Q—switched simultaneously

(within a few nanoseconds) by switching both Pockels cells with a

single thyratron and adjusting the lead Lengths appropriately. It was

planned by this method to use a two—plasma technique in which the 182 A

Balmer—ct line would be observed for gain between the firing of cne

laser and subsequent firing of both lasers simulraneou~ly.

* An interaction cell was fabricated with provision for a target ,

focussing lens, background gas pressure control, and positioning of

the target with respect to the monochromator slit.

Numerous shots were carried out with a single laser in order to

0
find line radiation at 182 A which could be attributable to charge—

exchange. The ruby laser was operated at about 5 joules output to

avoid destruction of the flashlamps . Strong signals were obtained from

the plasma at 182 A but also at neighboring wavelengths, indicating

- ~~~~~ --
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that line radiation was not being obtained . These signals were

I obtained both with and without a background gas and indicate that the

radiation observed was not due to charge—exchange . Measurements of

1 the plasma front velocity indicated ion streaming velocities in the -•

6 7range from 5 x 10 cm/sec to 1.5 x 10 cm/sic, being slower with in—

creased background gas pressure. As later calculations indicate that

even at 3 x lO7
cm/sec the cross—section for  electron capture into the

I. n • 3 state is only .~ x 1017cm it appears that at the ion streaming

velocities obtained in the experiment, the electron—capture cross

section into the n — 3 state is much too low for charge-exchange to

generate a significan t inversion on the Balzner—c* line of C VI under

these conditions .
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I
I LASIN G ON THE BALMELO LINE OF SHOCK TtBE GENERA TE D PLASMA IONS

William B. McKNIG}1T and John F. SEELY

I Dep. ’rmen: of Physics. The L rniersuy of Alabama in Huntsville. Huiusville, Alabama 3580 7, (,~5,4

Received 10 ianuary 1977

I Lazing on the Be1iner-~a Line of hydrogen-like ions is thown t o be possible in a shock tube generated plasma. The specific
ases o( hydrogen-i~ke helium h azing at 16.50 A) and lithium (7 29 A) are considered in detail.

I I. Introduction as electron collisional ionization of ‘he neutral target
atoms and collisional depopulati on of the upper laser

The Balmer.~ trans itions of hydrogen-like ions are state, and determine the conditions for lazing on the
I particularly inrere stmg from the viewpoin t of develop- Balmer.a line of the hydrogen-iike piasma ion.
S trig short wavelength lasers . The scaling of wavelengths In highly ionized p lasma. the fractional ionization

and transit ion rates with atomic number are , of course , is determined by the competition between collisional

J precisely known, and the electron collisional ionization
and recombinauon of hydrogen-like ions are easily

rst ider the circumstances und;r which a ~
:

~ -9J of the laser 
g g  IC.

plasma expands

pete with the pump react ion and .aser tran sition, such -

I ‘Supported by the U.S. Army Resear ch Office. 

1f.~o~ 
- :‘

1 I0?C~~0C5’~~N 
oiL. ‘~

i
1 Fig. 2. The ionization rate R5 and recombination tate Rr ~

,~
/ functions of the electron temperature T~. The tat lO of fully

stripped ions to hydrogen-like ions is R j iR r . The lower ~ur~-e
Fig . 1. The plasma behind the reflected shock wave expands in each ~rou~ is for electron density 10 ’3 Z - :m 3 , the m iddle

I through the nozzle and mixes with the target gas in the inter- ,urve for 10 4Z ,and the upper curve for 10 ’5 Z .  The toniza- I -1 action region. The Length of the active medium, and the ap- non potential o ’ the hydrogen.Ij ice on i5 E:. In steady state.
proxim ate diameter of the shock tube. is L the fractional ionization ~~~‘ • 1:-L ~ ~~U~1 .0 R ,R r.

I
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ionizat ion and recomb ination, We are primarily inter . 6
! 

20
ested in the densities of fully str ipped and hydrogen- I 

-

like ions. For corona equilibr ium [ l O J ,  the rates of col- -

lisional ioni zation R~ and radiat ive and three .body re-

ratio ot’ fully stripped ion density to hydroge n-like ion 2
combination R1 are shown in fig. 2. along with the 

_ // 
I

/density RiJ R~. To obtai n fully stri pped ions with low iatomic number Z. the ratio of the plasma electron 
I /,_~_ I

temperature i, to the ionization potential of the hydro. /  Jgen-like ion must be Stealer than 0.1—0.2 , The frac - —\ /
tional ionization is a rel atively weak function of, V~ for /low electron density. For electron density greater than
1016 Z 7 cm ~~~. Saha equil ibrium prevails. Z ~~~~~~~~~~~~~~

- . 052. Shock generated plasma -

.~~ hot plasma may be generated behlnd a shock wave 
/propagating through a low density gas. Additional heat.

ing occurs when the primary shock wave is reflected ~ 0 ~~
- from the end of a shuck tube. The temperature of the
plasma formed behind the primary shock wave may be MV 5, 2E5
estimated by solvine the conse rvation laws for mass, f -
momentum , and energy [ l i i :  

I

4 ~Vif ( V — u ) ~~4V0 M V , U)

.V M i  V — u )2 + p ~v0 M ~.2 P ( 2)

where V is the velocity of the pri mary shock wave and
4 M ( V — 14) 2 i-H.4,~f v — H0, (3 )

ii is the flow velocity of the plasma behind the shock.
The density , pressure. and enthalpy ahead of the shoc k
are .V0. P0. and H0 respectively , and the corresponding
4uant lti es behind the shock are .V, F, and H. We make

c —the stron a shock assumption P~ P ) and H ) ~ H0. l i the
I plasma behind the shock is composed of fully strippe d -

ions in thermal equilibrium (1 2~, then a ‘ —

P~~k T X ( l i - Z)  (4)
H *f k r (  14- Z ) + E ~.
We may now solve for the plasma temperature as a lunc- 

________________________________ b i - 
-Cdon of shock velocity, and the results are shown in i 2 3 4 5 1

11g. 31a . To obtain fully stripped low.Z ions (
~kl ’e i1E z MV ’/2E~

~ 0. 1 ), the shock velocity must be greater than about Fig . 3. 3) The density and temperature behind the prim ary
lO~ cmrs. Shock velocities of this m agnitude are easily shock wave as a funct ion of the velocisy ~,f the prim ary shock
obtai ned in high energy shock tubes [11 1 .  The shock wave V. ib ) The density and temperature behind the rer lect ed

shock wa ve as a function of the ve(oc ~t~ )f the prtma r~ shockcompresses the gas by the factor .V1’.V0 which is also 
wave v.shown in 11g. 3(a).

4S

I~1 ~~~~~~~~~~~~
- -~~~~-
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J The conservation laws for the reflected sho,.k wave be con fined behind a diaphragm which :s bur st as the
ire pla sma expanus throug h the noz:le. c’r the gas may be

~~~~~~~ ~ ~ .V~ W ~~ 
in;ected into the plasma ;low ( 1 5 1 .  In the event the
targe t gas pressure is ~o high as to prevent ml~ln g. 4:

.V .%1 (ii + 1 R~ 
P .VR .W V~ + 

~R’ 
may he necessary to mix ~v inlecuon of the target gas

~ • 
~R )

2 
~ H —  4M ~~~~ ~ 

H~, in a manner similar :o that  widely used in ~hemical
lasers. In this case the mixing time mu st be short .snu

J where VR is the velocity of the reflected shock wave , ~anous fast mixing schemes will have to be investigated ,
and P~ and HR are the pressure and enthalpy behind During charge .exchange react ions between the fully
the reflected sh ock wave : stripped plasma ions and the ieut ra l targe t atoms. d ec.

I Pft — ~ T~ V~ U • 

Irons are picked up in to  e’cctted states ‘1 :he h~droeen .
°) like plasma ion , At therm a l energ ies . endoth erm ic

4 ~ ii •Z)  • Ut) ) charge exchange mea ctio n s are te gl igib ie comp are~ to —

near~resonant exot hern’u c ~eactlo n s ( l n ~ Thus the m ar-
Alter solving eqs. iti)—iS), the density and temperature get atom ina~ ~e selected to i tre ct  the ele ctr on r ans t ’er
behind the reflected shock wave are found to increase tnto a speci fi c excited ~Iat e ot ’ mh ~ h~ di~’gen .ike ~‘n ,
b~ factors ot’) to 4 as shown in 11g. 3(b ). The compres - For example.  the en erg y e~ek Iii Li I I I  and xen on are
slon of the ambient ~as by the primar y and re flected shown in tig . 4 . Charge tr ansfe r should ~‘e ~‘r ii iur iI ~ :n-
shock waves is part icularly import ant for elements wi t h  to she .V .~ level ot ’ the i ihiu m .~.‘n . v~t th  nost I~ I

low vapor pressure such as lithium and beryll ium. -\d . these electr ons going tuto the ughl~ Je~enemate 1”
Jinonal compression may be .wtueved by tapering the state. Thus , she upper st at e OI the Ba imem~x t r an s it i on
end of the shock tube so that  the shock wave comes to is preferenti a lly tilled. Landau -Zener calc u iaito ns mit -

a
a locus 13 .1 41. dicate that the charge exc h ange ~ec mto n s ~t’ ord er ~4

The plasma behind the reflected chock wave cxpands
through a noazl e and mLxes with the gas targe t in the 

l b  Z cm I I I )

interaction region shown .n 11g. I - The gas t ar~es nay

I
5.., i~ 

-
.5  • ~~i .t , $ 1  I I’ S-~~~ 6 . v

1 i 3 4 ~~v ______ ‘
~~~~

“
~ 

-

—

~29 ~I
I - 3 O S. ~

35~ -

I c’-4

. I 2  4 s vI Fig. 4 i~e~ % levels uf hvd~~gen-liki lithium and senon, $how Ing the ne~~ls ‘resonant electron transt.r ~iimp ~eact:m i~ d ~~Salm.r ’a iransuso,, at ‘~~~~

II
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at thermal ener~es. The charge exchange rate is 0~ V.. Table I

I where V. is the therma l velocity of the ion. Processes Valuis for the ptiotoabsorp non cross ,.cr ion .a re from
that compete with the charge exchange pump reaction ~ t’~• 1101 and 12 1 1
such is electron Impact ionization and excitation ot’ the H.t * Na Li3 • Xe
target atoms, must be alleviated. This may be done by

I reducing the average plasma electron energy to less than -‘ tA t  16.40 29
4 the ionization and excitation threshold of the targe t 4 u ~~~~~~ ~.l ( I0~

atom by allowing the plasma to expand rapidly through ~ ~ .3O
• a nozzle. The expansion time must be smaller than R r . .vyu t~~cm ) I x  to l:

the time constant (or recomb inatlon, so that the degree
of ionization is “frozen” in a manner somewhat analo-
~ous to the “freezing” of vibrational energy in gas dyna.
mc lasers ( l ”~ . ~.. •

1 ‘
I Isp

Is
3.Lasergain 

- 
-

The net anear gain may be written ( lS ~ 
0I

..— — — — 
—

( l )  ~, 
•

‘
~~ where ~~~~ IS the cross section for absorption ot’ radia- Z .

non with wavelength .\ in the target ps. and .V1 is the 
0

density of target atoms. We neglect photoabsorption I
by the plasma ons and electrons. Taking into account ,
the pumping rate j

p 
V: ‘~

‘r she collisional Jepopula~
tion ot• the upper laser state C~ [10!. and spontaneous ~~~~~ 0
decay ‘4 a’ the s ready •stat e population inversion is IVI

0 V .V ,V 0 ’p ‘r : -

~~~~~~~ •c0 I i  — .4~,çA ,g~) ( 1 3 )  4

, 
ibI

where V. ms the density of fully stripped plasma ions. ~~~
Since for the BaImer~ transition ~~~ ‘~~ ~~~~ the o ’— —

I gain 5 approximately 
.

G .V,L [X 3 .V: 7p 3~
2 

— - ~14) ~ -
I We have .iiso assumed that the Doppler broadening of °

‘~~~ I .4

- 
‘ the spectral line is much greater than Stark broadening \ - —- .~~

1 [l Q 1,  and that radiat ive decay of the uppe r laser state I ~

“

- 
dominate s collisIonal depopul ation (‘4 u > Ca ) . This — — — I 

last assumption effectively puts an upper limit on the •o •~ ~

‘

electron density in the interaction region. For positive a ‘0 0

j gain to occur. we must have
Fig . 5. c i)  Plasma parameters for formation of the fully stri p-

~~
. 

> ~~~~~~~~ 

~ (1 ~ ped plamia Isuhd lines) and for ta~iisg on ‘he Balmcr~ line ut
- abc; p ‘ - helium. ib) Plasm a parameters for formation of the full)- d rip-

I pest plasma solid tine~l and fo r  lasing on the Ba(rner’Q line os
which puts a lower limit on the fully strippe d ion den- lithium.

:50

I I
- 

,., ~~iS.$5 ..  .4
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sity in the interaction region as given in table 1. Note gain is 400 for the Ba1mer .~ line of helium t i  640 A

I that condition ( 15 )  is independent of the temp erature in and o0 for li thium (~~ 9A)
the interacti on region. The uppe r and lower bounds on
the electron density in the interaction region are shown
in 11g. 5. for the two cases of helium and lithium ions. References

I The plasma parameters .V~ and T~ necessary for forms,-
tion of the fully strIpped plasma are also shown in fIg. 5. ~I } 3 W.  McGowan and R.F. Stebbings. AppI . Opt. Suppl . I
We require that the plasma formation t ime R ” 1 be t 1 96 5) 68 .

I smaller than 10413 , the formation t ime of a ty ’pical ( I I  B.M. Smitnov , JE T? Lest. 6 11967) 78.
thock tube generated plasma , and that the recombina. (JI LP. Prunyakov and V.P. Sheve rko. JET? Lets. 1)

t19 7 1) 2 03 .(ion time R ”t be greater than lOus so that the loniza- (41 ~~~~~~ Vino~ridov and I I . Sobel ’man. Soy ?hss. J ET?
tion is frozen is she plasma expands through the nozzle 36 1973)11)3.

I into the interaction region . As mentioned above , the (5 ~ 1.0. Scu lly , W .H. Loulsell and W.B ~t cKnight. Opt.

electro ns must rapidly cool as the plasma expands Commun , 9 19’3) 246.
through the nozzle. Then electron collisions,! toniza- (6 1 R.C. Elton . in P~’ogress in Lasers and Laser Fusion. eds.

B. Kurcono~tu. A . Perlmutt.r and S. Widmayer P1enum.
uon and excn3uon of the target atoms do not domi- New York. 19’5) , p. t l 7I nate the charge exchange pump react ion. This imp lies (7(  o. .~nde rso n. J \lcCullen. MO. Scully inst IF Seeiy ,
that Opt. Commun. I ’ i1 976 ) 226.

- 18 1 D.A . Coçsetand and C L.  Tan;. Opt . Commun. 18 i19’é)
,, V .V >N (S ~-S t16) 155 .

p e ion cxc ‘ (9 1 IF. Seely. 3 . App I . Pbs’s. t t o  be publi shed) . I -
(10 1 HR. Griem, Plasma Spectroscopy McGraw-Hil l . New

where Smn and S~~ are the races for electron impact York. 1964) . p. 1 9— 168.
• ionization and excitation of the target atoms (~~J . ( l l (  ~..C KaIb inst H .R. G:tem. in Atomi c and Molecular

• I
Condition (I) puts an upper bound on the electron Processes. ed. D R .  Bate s t. ’tcade mic Press. New York .

l 962) p. 141.temp erature in the interaction region as given in table 2 
[1~ ( R.C. Elton and Hit Griem. Ph~-s. Rev 133 196.1) l5$i ’

Thus she electron temp erature must decrease by about (1 3 1  V .~ Seio ko n. .4 .1. Petrukhin inst V .A. Pr o skurs ako. ,
an order of magnitude as the plasma expands through Soy . Pbsi . JET? I i i  19631 33.
the nozzle. (14 1 B E .  Milton and R D .  A cher, in Shock Tube Research.

The net gain given by eq. t l - ~
) is a function of the cdi . i t .  Stoilery, tO .  Gipydon and PR Owen Csapman

and Hall. London. 19’~l) .I densities .V. and .V~ in she interaction region and the (ISI .‘%.S. Baslikin ci ii.. Soy . I Quans. Electron. 6 i 19’ is) :Ss’.
length L ut the active region. Taking the densities ((61 H i .  Zw adv and PG. Cable , P hvc . Rev 4-I l’) ’l) 3~ i.
equal to 3 ( l0~~~ :m~~ and L equal to 10cm. she (l’~ E l .  s. e r rv . 41.-t.\ Paper So. . 1— 23 1’). It . 4mencan

Institut e ot 4er on autics and .4aironautics . New \ .sr k

I Table 2 (18 l 4. Viny . Quantum electron ics W~)es . New Y ork .  !t .
tonizanon is des~~nat.d I and excitit lon £ The threshold energy 

~~~~~is Eo and Q~ 
is the max imum OWls )*CtlQfl. (19! H.R. Griem. Broidenin; -n Sp.ct:al Lines by C’tiaried

Particles ~n Plasmas sAcad.rnic Press , New I .‘rL 19’at

- 
~ I Reactant Qe lc m )  E0 leVi T~Tta* isV)

~~ * 10-se SI 0 (10 1 R E .  Hut (man, V. Tanaka and C. Larrabec. 1- C~sem.
Phs’s. 39 i1 96 3) 901.E 2.2 x 10 1.1 0.3 (21 1 G.V. Mar r and D.M. Creek, Proc. Rob. Soir . A 304 I 1%8)j J Xe 1 ~ x (0~~~ 12 . 1  2. 1 233 .

F (.6 c I0•
~~ 3. 7 

(22~ M. Mitchn er inst C- H. Kruger. Partially ionized gases - -
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Soft x-ray laser pumped by charge exchange between
C VII and Ar III In expanding laser-produced pIasma~

John F. $.~~~ and WIlliam 3. McXmgIfl
O.p.new.w ~ P5~~~ The Uiuv.,.iy sf ~iadsew iii Hwsiavsll., Mwwwik 41s0sJI I 3580?
RacaveS 21 FuWi.i~ 1977; (or pe~hcaliou 17 ~i4sy i977)

sad e-re~ 1 nith wsve gsh 112 A ~ pru~~ ed. The pumping marbenum 1 charge each...,
bum,. . C VU sad Ar (U vhsch aorws whu~ a I~~~-peodvc.d cache. plasma upsadi aito an argos
~srMpous4 ~~ Elssuo. psokup Is pesmacily sin be , .3 level of C VI. and the l~~~ srwsnoa is the
9.h.. .~. tlns Md-gu i. r~~.no. is cosv~~.4 ISSO 1*2 A r.dlsnn..i inib sfllcisncy of ord~ S.

P

~~~~~

3 sumbi.,r 42M.Hq. 34 70.~.e. $2.3O.Ft

I. INTROOUCTION Lois. We are particularly inte rest ed in the Ba.tmer-a
transition a — 3 — 2 at 182 A , since this Is the shortest-Due to the unfavorable scaling of small-signal Laid-

gain with wavelength, )
~ in the case of Doppler broaden- wavelength .~ n — I t ransition and does not t .rtnuiate on

l.ng, a large population inversion must be generated In the ground Level of the ton. Carbon pLasma. produced
order to demonstr ate lasing below 1000 A) In adsitton, from graphite and polyethylen, targets have been wide-

ly studied, 4 and we shall Limit our discussion to thispumping -at the upper laser state must be rapid to Over 
element. Tb. scu m, could be extended to include othercome the spontaneous decay of the Laser transition. The solid targets , as well as plasma. formed from ~as.ousrequu-ements of high density and rapid pumping ire targets.satisfied in laser-produced plasma.. Suggested pumping

mechanisms are recombinatton into high-lying energy Elton and Duro& iav, suggested neutral helium as a
states, electron collisional excitation, phototontza- candidate for the background ~is reactant . As we show
(ton, and charge exchange. i~~ these, charge exchange below, it is unlikely that neutral atoms will survive in

t 

-seems to be the most promising at the pr esent time. the environment of intens e radiation and hoc electrons
near the solid target. We propose that an ionizedZn this paper, we shall consider lie conditions under species , such as Ar UI, be used instead.which lasuig on the Dalmer - a line of hydrogenliJis

carbon may occur when a laser-pr oduced carbon plasma The conf iguration is shown in Fig. I. Neodymium-
expands into a background gas. The pumping mechanism glass laser radiation of Intensity lO”.—IO’ W cnr ~sis the char ge exchange r eactio n focused on a solid graphit, or polyethylene target

C- ’ — r — C 4(, , )-r ”~~, (1)
where Y~ is the background species with charge i, and
a is the excited energy level of the hydrogeniike carbon
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FIG . 1. The espertinsmial conttgursiton for a C VU. Ar ~~ sos
162—A laser. _j~_ 
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TAILt L Temps,sea,ss and dessiclee at dlaassce a tie. the backg rowsd gas does not bre ak down and absorb the
target ~~~~~~ ii). t.Q S-~i ridlatton, thereb y preventing formatIon of t~e

carbon plums. The .xpevtmencally observed’”” in-s .V. .v.
eV) W cm ° 1011 cm.hb t .naity thresholds for breakdown of argon by Q-ewitched

Nd-gLass radiation are shown In Fig. 3. The break-
1.0 -~5 4 2 down threshold increases sharply as the argon pres-i S  17 0.5 1)_ S
1,4 4 0.17 sure, lens focal length, .and pulse duration are reduced.

t he breakdown threshold should be weU abov e 3 ~ j~~11

W . c& for argon pressur. below 100 Torr , focal length
of severaL cent imeters , and pulse durat ion of 10 ssec.Immersed in a becqa-aind gas suc h as argon. The Ne note that the break down thresholds for picosecondbacqround gas must be at Low pressure so that briaj i pulse&~ are two orders of magnitude higher than thosedown does riot occur. A dense carbon plasma exPands shown in Fig. 3, but it Is uncerta in that a large numberInto the background gas. Plasma electron s and contima- of carbon ions would be fully stripped in a pulse of suchsam rad iation rapidly Ionize the backgvowsd atoms t~ar short duration. The breakdown threshold (or CO5 laser

‘ 
(he plasma-gas interf ace. As we show below, the rs~~tton is more than an order of me.gnit’ade low,r~-’charge exchange reaction than those of FIg. 3.

C4 ~-Ar
4 —C 4(,, u,3).Ar~ . t2) Breakdown effects place an upper limit of about 100

i. more rapid than the electron cotltstona.L ionization ~
Torr on the argon pressure iear the sur face of the

Ar UI. This char ge exchange reac t ion preferett tiallv polyethylene foil . As we show in Sec. III . absorpt ion ‘I
162-A radiation puts an even more severe limit an theCtUs the i — I  level of C VI (s~~ Fig. 2), and lazing - n

the 182-A line Ilf C VI may occur along the plasma-gas argon pressure.

interface. An alternate arrangement wou ld be to Let the plasma
formed in a vacuum expand through .i slit into a chamber

II. PLASMA FORMATION containing higher-pressure argon. ~‘ But the plasma den-
sity would decrease during the expansion, resulting ~aL A hense carbon plasma may be readily formed by lower laser gain , and the gas pumping require ~nentsfocusing intense a.ser radiation on grap hite or poty ethy - would be a cumbersome experimental restraint.tene solid ag-gets )r a methane gaseous target. We

shalt Litni te our coitstderat ton to plasma formed from For a target Immersed in a background ~as ot pres-L a polyeth ylene foil target, since this has been most sure 1—10 Torr , the initial expansion of the carbon
extensively studied. ‘~~ plasma is not affected 1w he presence of the background

gas. ~ But after 100 rtsec . when the plasma has cx-When ~-switched ruby or Nd-glass radiation with ponded to a radius of several millimete rs, a blast r ave

‘ 
intensit’, Ix iO~ ’ W c& La focuSed onto a polyethylen. separates from the leading edge of the plasma andfoI.1 0.25 mm thick, a dense carbon plasma l~ formed
at the foIl mrlace.’’ The plasma expands adlabatica.l- propagates ahead of the plasma-gas interlace. I4~~ The

gas behind this shock rave is highly Ionized. ~ We showly as e~sctron thermal energy is converted into stream- below that formation of the population inversion and
the plasma density decreases as x 3 and the electron
U%( xtotion of he tons. For ideal spherical elcpanaion, lasthg on the 1*2-A Line of C VI should occur within a
temperature as a 4. The measured electron densities
and temp eratures at various distances from the foil _______________________________
are given in TabLe I. At distances greater than 1 mist, I I
he ions str eam outward with velocity 3 x 10 cm sec.

About 70~ at the incident laser energy is converted into ‘
~~~ ~~~‘I’‘N,300

ton streaming energy. I

The plasma from the polyethylene (C1041, foil is cont- ~
5555 -

Se.posed of highly Ionized c*rbon and hydrogen. Th. high- ~~ 50’ - -
~

~~~~~~~~~~~~~~~~~~~~ 4- 5.meec Ionization state C VU expands preferent ially its the
direction normal to the ta rget surface, and the towerL IonIzation states , Including hydrogen,’ are directed
more par allel to the target sur face. The C VU tons are ~-

Thus, the short-wave length laser species ‘0’ -

also concent ra ted at the leading edge of the expanding

interface. This is In cont rast to C Vt , the laser species 
1

C VU Is separated fro nt the bulk of th. plasma In both
space and Lime as shown in Fig. I, and Is available to s SCI.
feed the laser pump reaction (2) at the plasma -gas

of Ref. 7, whIch is concentrated in the interior of the
- 0 0’

The experiments described In Ref s. 8—12 were APGON D~~tSSU~~t ( 5 ~~~~~I

performed in a 5~acuum. U the polyeth ylene target is FIG. 3. Intensity thresh old (or breslelown 1 arann
immersed In argon, we must ensure that the argon switched Nd-glass radiation Rets , l4— ~.6l .

_ _  

3 I
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electron thermal velocity for he first few millimeters

experimentally observ ed electron temperature and den-
sit , near the polyethyle ne (oil , th, rat e of electron
collisional ionizat ion of argon as a function of dista nce
(roan the foil is shown in Fig. 4. It is apparent that

of plasma expansion. L sing cross -section 4ata~ and the

ionization of the argon background gas by the plasma
electrons is very rapid near the ta rget .

Little theoret ical or exper imental work has b.en done
an charge exchange reactions, such as reaction (2) ,
involving two colliding Ions . A Landag-Zener caicula-

— tion extending the theo ry of Ref. 25 is in progress and
0’ 

I 

will be reported elsewhere. Preliminary results in-
ddcate that he cross section b r  electron pickup into the
n— 3 level of CVI is of the order of i0~”~ cr& , and

a a pickup Into other levels is smaller Dy an order of rnag-50’ 

~ ~~~~~~ 
riltude. Since the ion thermal velocity is negligible com-
pared to the Ion stream ing velocity 3 x 10~ cm. sec .

FIG . 4. Ra tes ol electron colilsiosal obIzat~~n of arson S and th e charge exchange rate is of the order at
rg.

~~~~~~~~

. 
R .(3 x tO~ cm 3 5eC )V e, (5)

where N, is the density of C VII. Cstng the experim en-
millimeter of the target surface before development )j tally observed densities , the charge exchange rate as a

funct ion of distance from the polyethylene foil is gw enthe blast wav e occurs, 
by the dotted line in Fig . 4. The two-electron transfer

The carbon plasma, expanding into the argon back- reaction
ground gas, forms the ac t ive medium of the 182-A
luer. In order to ensure that tasing occurs along he C” —A r 4 — C4 —A r ” ‘6)
axis of the active medium, the length of the active is exothermic by more than ‘OO cv and is negligiblemedium must be much greater than the tran sver se compared to single-electron transfer. ‘dimension. For example , assume that a l-cm-diam
beam of Nd-glass radiation is focused by a cyllath-ical In ideal adiabatic expansion, the electron density de-
lens to a rectangular spot of length 1 cm and width 100 creases as x’~ and the electron temperature as .r 4. The

~ on the polyethylene (oil. For pulse duration 10 osee ionization rat e given by Eq. s3) ~s propo rtional to
and focused intensity 3*1011 W cr&, the Nd-glass laser ,V,T~

1 . which decreases as .r 4 . The charge exchange
energy must be 30 J. At a distance of 1 mm from the rate given by Eq. (3) decreases as e~. At distance s
toil, the transvers, dimension of the plasma has cx- Less than 1.5 mm fr om the target, Ar III is more likely
pended to about I nm.~ The C VU ions interact with the ~O undergo electron collisional tonization than the
argon background gas aver an area about 1 cm long and charge exchange reaction (2) . Beyond 1.3 mm. the
i mm wide, and tasing should occur along the 1-cm charge exchange reaction dominates.
Length at the plasma. U 70~~’ of the Nd-glass radiation The dense hot plasma near the surface ,t the toilenergy is conver ted into C VU with streaming velocity target is a strong source of continuum radiat ion ‘vtth3 x 10 1 cm sec ~kinetic energy 5.6 ceV) , the total nu ns- wavelength great er than 300 A. ’ From 400 A to thebar of .ona produced s about 2 ~ 10k’. U each of these ionization edge at 78’~ A. the photoabsorpcion crossions results in the emission at a 182-A photon , the total section of argon is 3 ~ lO-~ ci& . For argon pressureener gy emitted is 0.2 J . Thu s an upper bound on the above 10 Torr, the ioniz1.~g cont inuum radiation ~s iD-efficiency at convers io n at 1.00 u rad iation to 182-A sorbed us the first millimeter ci argon.radiation is approximately L”~.. The argon gas near the target s rapidly ionized lay
III .  COLLISIONAL PROC ESSES the plas ma electron s and continuum radiation. At u s-

ta nces of 1.5 mm or more from the target , the chargeAt the Interfa ce between the expanding carboit plasma exchan ge reaction (2) dominates over electron coal-and the argon background gas , argon atoms are rapi dly stonal tonizatton. This is the region of Interest for
ionized by electron collisions. For Maxwelll.an electron achieving a population inversion on the 182-A line atdistrib ution with tempe rature 1’,, the rate of electron c vi.
collisional ionization ts~

5, — N, 5 , , ~ exp4— ~)o, 4~, (3) IV. THRESHOLD INVERSION
where : — 0 . 1,2 , - - is the argon charge state. 5, is the Due to low mirror re flectivi ty at 182 A , suffici ent• I cross section as .i function 01 electron energy, and V, population inversion must probanly be generated foris th . averag e electron thermal vel~~ity : ampwtcation to occur during a single pass throu gh the

iai, r,. ~~~~~ laser medium. We shall calculate the population inver-
sion that results in a single-pass Zain of 10 cm ” •we r a

The electron ar ift velocit y is negligible compared to the distan ce of 1 cm.

3693 .. Lose ‘vs - Voe 4$. ‘do. 9 . Seo,rnoev ¶917 J ~ Sat , ann ~V.8. ~Sc~~’qrs t 3693
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U Ares osUatlos cross sections at threshold absorpt on, Thomson scattering, and diffraction Loss-

es are negligible compared to photoabsorptlon.
Cross secaoss at thr.ehold 1MW

, 45 Returning to Eq. (7), the dominant Loss mechan ism
(or the 182-A Laser radiation is phexoabsorplion by the

a 30 3 ionized argon near the plasma-gas inc.rface. For argonAr~~ to 0.9 1
.ir lV (0 ,1. 0 0 9  pressure of lO Torr , the Loss term L;’ is Less than 0 .4

. cm ”. For Laser Length 1 cm ,

(10/L ~ L;’) ~~10.4 cm ”. (12)

Recent progress has been made on mialtilayer reflec- We sole that if 2. T~ mirrors were used, this factor
tive coatings in the vacuum uLtraviolet. Reflectivity of becomes
2. T’t. has been experimentally dstnonstrated at 182 A, (~

j’2’2L -L;5 ) a 4 . o  cm ”, (13)
and higher retlectlvttie, in the near future are likely. ~‘
ft is shown below that use of 2, 7~ mirrors reduces the which reduces the threshold inversion (7) by a (actor
threshold gain by a factor of only 3, and it is doubthal of abo*at 3.
that these rnulttlayer coat ings could withstand the high- ‘t he spectral broadening of several of the .1.’t — 1
intensity radiation generated when threshold is exceeded. transitions of C Vt at a distance of 1 mm from the foil

The threshold Inversion may be written2’ hav e been measured” and are shown in Table (II. The
dominant broadening mechan ism :or these lines ~s.i..V~ aii ( 8f ’t 2A~~g) (10/ L  .‘

~~~~~
‘), (7) Stark broadening due to quasastattc ion-Ion collisions.

where ~ is the laser wavelength , A~ Is the spontaneous Scaling fro m the 5290-A line, the full Stark width at
transition rate, g Is the lln•width , L is the laser length, half- maximum goes likeit
and L, is the Loss length, The photoabsorpclon cross ,~~~~ = (33 A~~’s~oo A~ (n 5. 7), 14)
section for ia*-A radiation in neutral argon ls~ where ~,, is the lower energy level. Thes. scaled Star k

J 45~~u. 1.5x 10 ” c&. (8) widths are also given in Tab le LU . The pLasma e~pan-
Th. absorption length In 10 Tori argon Is 1.9 cm. U sion velocity normal to the foil surface ii 3 10 cm
Longer absorption lengths are required, as in a grazing see. The component of velocity us the direction parallel
incidence spectrometer , argon must be pumped to to the foil surface Is an orde r of sna nitude smaller. ~
lower press ures, or the spectrometer must be filled The j on thermal velocity is negligible compared to the
with a low-absorption gas such as H, (Q, = 1.6 ~ to-” expansion velocity. The (sill Doppler widths due tO t i e
c&tt) . component of th. expansion velocity parallel ~o the to il

surface are given in the Last column of table III. It sa
TN. phOtOabsOi’ptIO4t cross sections of argon ions apparent that the 182-A line is prtmar~Zy Doppler

have not been measured. Tb. pbotosbsorptton cross brt adened. The linewsdth
section at ionization threshold may be estimated from
the electron collisional cross section at thr.sholdu 4 = ( a A c -

~ 2)(*r Ln2)”2 (15)

Q, =v1atC,,?, is equal to 3.4 *101: s.d .

where ~ is the (the structure constant , I is the loniza- The fine struc tu re states at a given level a of a
lion potential tat atomic units, ‘, is th. electron goUt- hydrogenlik . ion are rapidly muted by electron roth.
stonat cross section at thres hold, and the effective stone. If the mixing rate is (aster than the radiative
Gaunt factor is ~ —0 .2. The values of 451 are Listed ~ 

decay rate of the level n, then the tine stru cture states
Table U. An independent estimate of the ph c*oabsorp tlon are occupi ed according to their statistical weights.
cross section may b obtained by treating the argon The condition for statistical equilibrium is~
ton as a hydrogenlik. ion with nuclear charge ( 2 — 1 )  3* 5 .v,, r~’2 ~e *10’ sec )A.,.,. ,,‘, ‘.6)

45? a e 1 m,2’3~
’
~c1,~*

1v3, (10) where A, Is the radiative decay rate of the ip scale ,
where a is the ener gy Level and i i s  the radiation Crc-
quency. This expression may be rewritten

(11) TAB LZ III. Spectral brosdeteusg at the .i~i. l  tran sitions of
cvi.

where E Is equal to 13.6 eV. At ionization threshol d,
the qisantity tat square brackets Is unity, Letting n .i.~ IA) Mt vidtb at sali -rna,ctmum
a (Z 1 2I)”~, the values of 45? at ionization threshold are Stark Stark
given in Table U. Tb. valnse of the photoabsorp lion ~ ~,, iA; observ.d) scal.d) Doppler - -
cross sections of argon toni at ionization threshoLd 7 539~ 33 33 1.
estimated from Eqs. (9) and (11) agree fairly well. 33~ 12
According to Eq. (11), the cross section at 182 A is 6 3 3070 ~ .,S 3,~1
lower than the cross section at the ionization threshold ~ 4 ~~, ~3 0,
by the factor (182 A. )~)3, where ~~, is the wavelength at 5. 14 3. 1’

the Ionization threshold. The pbotoabsorptton of 182 A 
~ 0, 0002 ~. ~)‘i ’
3 - 152 LOt 0. ‘~~~

in ionized argon Is thus Less than 10” cm 2. Fr ee-free _______________________________________________ e -
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,, ,_,_ — — — .-~~~y be neglected. The electron-ion recombinatton ‘ate
is of the order ‘i IO~ sec”. ~ and is small compared to
the charge exchange rate R giv en by Eq. 5) . Vs note

2 tha i population inversions sue to electron-ion recom-
• binailon in a laser- produced carbon plasma isv. heen

experimentally ~bserved. 
u However , the population

\ invers ions are so low that dentons t ration of significant

J - Lii - laser gain nay requir e traveling-wave excitation. The
- 

a charge exchange rate given by Eq. (5) is two orders 4
I 

~,, 
nagninade larger than the recombuaaiion rate, and

. should lead to much Larger population inversions.
The population inversion for the ‘i — 3 — 2 transit ion is

FtG . 3. Trausitica. i ciistet a the ret. .quac i.ias or tie ~~p- , ,
at at o.s 4 the levels 4 ~ %‘~ , ~~~ • .% 3 — is”: ~~~~

where g,, — 2a is the legenera cy of the ‘ith Level. InL .\ , is tie plasma electron density in uuts 4 cm4. and ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~r~ ~s the electro n tempera ture In uni ts of eV. For C ii.
4 2 ’  1011 sec” and condition 16) is well satis fied .t., — .~~~~ — .‘., .~~, — R.v11, — D.s.V:. i2l)f .n dens. laser-pro du ced plaamas. The t ransition 

,~ ~ — ~prob&btl& t % e, ~or C VI shown in Fig. 2 ire ,caled trom ~‘ :t ’: ~ ” ’. ~‘ • It ’  I ’
ivdrog.n assuming statistical occup at ion of the t ine wh ere .

~~~
.,, ;s the J ens itv Of Ar Lii . Th e stead ~’ . state

str ucture slat... 13 The ‘adiat ive transition rate ~or the ,,..putation invers ion us’.’ 1,e wr t t t en
162. ~ line is 

V R~ at — ~~~‘~~~I — ‘4,4.. 4.4 11 ~~~~~• 
~~ 5, ‘7~~ l0~ sec~. t’~) 

‘
~~
‘ — 

~~~ ‘— .~,z 
— ~‘‘i~ 

— 
4.4-,

Substit uting Eqs. 112). t5~, and ,17 ~ into Eq. ‘
~~~. the Due to the La r ge ener gy gap Dei veen be ‘I — I and 2

th reshold invers ion is levels. 
~~ 

is about seven ~r ier s ~‘t migmutude ~ust1.r
.~~~‘. 4 ‘10” 

~~ 
than 

~~~~~~ 
and the ~st term tmi ~q. ‘.3) is  negligib le. Li

radiation trapp ing 31 the 33. 8-A Lyman- i radiation
This is :m re t han an orde r 4 .‘nsg!utuo. lower :h.in the were important, tus terat would be ~~~~~~ The ;erm
lensttv of C VII in the plasma 1—2 mm from he toil ~~~~ in Eq. i23 )  is negligible compared 

~a target. 
esing E4s. 5) and l~ 5 and the sponian e”us transi-

V. RATE EQUATIONS

The interaction of an expanding plasma with a bach-
ground gas is a difficult prob lem to nobel. We shall
~lmtt uta r consideration ta  distances greater t han 1.3 ‘N~, -I .nm fro m the target where gain on the tea-A Line 4
C Vt is nosi Likely i, occur. At these .zistances , the
argon ~ackg round gas is twice ionized by the plasma ~~
•Lectr’)ns. an~ the Laser pump reaction ) dominates
over ta n Ner ;olnzation of the argon tons.

The electron densities and t emperatures of as.r-
produced plasmas are in the rorona equilibrium N,.~, r..a,s.
regime. The population 4 the lower excited states -U — ‘

~~~
‘N 

~~ 
~~~~~~~C Vi are determined be collision-induced upward t ransi-

lions and spontaneous downward transitions, as shown in 4
Fig . S. Mere .4,,, is the spontaneous decay rate given ,

~~ 
‘...,,,,,, 

I

in Fig. 2 . and O_ Is the coUistonal excitation rat.” N..,,,, -

~,..t4.5’1O•~ see .v /,,,J,.iZT~ exp(.IE T.fl” .

where .\, is the electron densit y tat smuts of cm 4. r~ sI. the temperature in eV . .~C is the energy gap in cv ,
and ‘. 5 he oscillator stre ngth.

i tt. iaser.prodiaced gaston plas ma is optically thick
to Lvman-~ radiation in th. dense region tear the ‘~~ a z
polyethylene foil sur face. ~‘ but t s  opttcaUy thin at Its-
tances greater than 2 nm from the foil sur face ” where
ti e laser under ronstderatton Is expec ted to operate; rtc. m . ‘pigation aver,,onl or tie i.~ - nin sit ion ‘t ‘..‘ ‘IL cons.quentlv , ra ulallon tra pping of Lyman r2dt ation it ult’n pressures ‘i i~ az~~ i~’i’ Torr .
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